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RIPK1 | necroptosis | apoptosis | inflammation | neurodegeneration C ell death is a fundamental process that controls organismal development and homeostasis by regulating cell numbers and eliminating damaged or infected cells. The discovery of apoptosis as a regulated cell death mechanism suggested the possibility of developing therapeutics to block pathologic cell death, common in human degenerative diseases. Caspases, a family of homologous mammalian cysteine proteases that are key mediators of apoptosis, emerged as attractive targets in preventing pathologic cell death (1) . A major drug discovery effort targeting caspases ensued in the mid-1990s (2) . However, these efforts largely failed to deliver new therapies. The reasons for this failure include the presence of multiple members of caspases with somewhat redundant functions, the involvement of caspases in important physiological functions, the activation of alternative cell death mechanisms upon inhibition of apoptosis and intrinsic toxicity-related challenges in inhibiting this class of cysteine proteases. As a result, it remained unclear whether blocking cell death could be an effective strategy for the treatment of degenerative and inflammatory human diseases.
Unexpectedly, apoptosis is not the only contributor to pathology in human diseases; other forms of regulated cell death also play critical roles. In particular, necrosis, defined morphologically by cell lysis with the release of intracellular contents into the extracellular space and traditionally believed to represent passive cell death, has attracted significant attention. Necrosis can be induced by diverse events that disrupt normal cellular physiological processes. However, a key question emerged whether there may also be a dedicated regulated mechanism that mediates the execution of necrosis, similar to that of caspases in mediating apoptosis. The first established example of such a pathway is necroptosis, a regulated necrotic cell death mechanism that can be activated under apoptosis-deficient conditions and is controlled by the kinase activity of RIPK1 and its downstream mediators: RIPK3 kinase and the pseudokinase MLKL (3, 4) . Interestingly, while mice carrying mutations in different caspases display significant developmental defects (5), necroptosis-resistant mutant mice carrying different RIPK1 kinase dead knock-in mutations, including D138N, K45A, K584R, and ΔG26F27, as well as RIPK3 or MLKL knockout mutations, show no abnormality in development or in the adult animals (6) (7) (8) (9) (10) . Thus, necroptosis might be predominantly activated under pathological conditions, which makes inhibiting this pathway an attractive option for the treatment of chronic human diseases.
Necroptosis was first defined by a series of small-molecule inhibitors (necrostatins), including Nec-1/Nec-1s, Nec-3, Nec-4, and Nec-5, which blocked TNF-α-induced necrotic cell death (11) . Subsequent studies of necrostatins revealed a key role of RIPK1 as an important pharmacological target for inhibiting necroptosis (12) . Importantly, the kinase activity of RIPK1 plays a central role in mediating multiple deleterious inflammatory cell death mechanisms upon the activation of TNFR1 by TNF-α, which is known to be involved in the pathogenesis of various human diseases (13) . Anti-TNF agents have achieved major clinical success for the treatment of human inflammatory diseases in the periphery, such as rheumatoid arthritis, colitis, and psoriasis. However, anti-TNF strategy is not safe for the treatment of CNS diseases due to the involvement of TNFR2 in mediating neural regeneration (14) . The specificity of RIPK1 in mediating TNFR1 signaling provides the possibility to safely ameliorate the deleterious TNF responses in the CNS without affecting TNFR2.
RIPK1 has become an important drug target in the pharmaceutical industry not only due to its key roles in TNF signaling responses but also because the kinase structure of RIPK1 is highly amenable for developing specific pharmacological smallmolecule inhibitors. Nec-1/Nec-1s have been widely used to define the role of necroptosis and RIPK1 in human diseases using animal models. This included studies examining the role of this kinase in both acute injuries like ischemia as well as chronic neurodegenerative conditions such as multiple sclerosis (MS), ALS, and Alzheimer's disease (AD) (13, 15, 16 The C-terminal DD mediates its recruitment by interacting with other DD-containing proteins, such as TNFR1 and FADD, and its homodimerization to promote the activation of the Nterminal kinase domain (10) . In the case of TNF-α signaling, ligand-induced TNFR1 trimerization leads to the assembly of a large receptor-bound signaling complex, termed Complex I, which includes multiple adaptors (TRADD, TRAF2, and RIPK1), and E3 ubiquitin ligases (cIAP1/2, LUBAC complex) (15, 17) (Fig. 1) .
RIPK1 is regulated by multiple posttranslational modifications, but one of the most critical regulatory mechanisms is via ubiquitination. The E3 ubiquitin ligases cIAP1/2 are recruited into Complex I with the help of TRAF2 to mediate RIPK1 K63 ubiquitination. K63 ubiquitination of RIPK1 by cIAP1/ 2 promotes the recruitment and activation of TAK1 kinase through the polyubiquitin binding adaptors TAB2/TAB3 (18) . K63 ubiquitination also facilitates the recruitment of the LUBAC complex, which in turn performs M1-type ubiquitination of RIPK1 and TNFR1. M1 ubiquitination of Complex I is important for the recruitment of the trimeric IκB kinase complex (IKK) through a polyubuiquitin-binding adaptor subunit IKKγ/ NEMO (15, 17) . The activation of RIPK1 is inhibited by direct phosphorylation by TAK1, IKKα/β, MK2, and TBK1 (13) . cIAP1 was also found to mediate K48 ubiquitination of RIPK1, inhibiting its catalytic activity and promoting degradation (19) .
When cells are defective in activating the apical apoptotic mediator caspase-8, TNF-α stimulation promotes activation of a secondary cytosolic amyloid-like "necrosome" complex, also known as Complex IIb. This complex contains a hetero-oligomer of RIPK1 and RIPK3 which interact through their cognate RHIM domains (20) . The activation of RIPK1 kinase precedes and is essential for the formation of the necrosome. Activated RIPK1 undergoes autophosphorylation on multiple residues including Ser14/15, Ser20, and Ser161/166 in the activation segment (12) . Ser166 phosphorylation has emerged as a biomarker for RIPK1 activation (12, 21, 22) . RIPK3 is phosphorylated in necrosomes on Ser227, and RIPK3 homo-oligomers eventually phosphorylate MLKL on the activation segment residues Thr357/ Ser358 (23) . The ensuing conformational change in MLKL leads to the formation of disulfide bond dependent amyloid-like polymers (24, 25) , which cause rapid plasma membrane lysis-a hallmark of necrotic cell death.
It should also be noted that RIPK1 is not absolutely required for necroptosis beyond the ligands in the TNF family. For example, RHIM-domain-dependent activators TRIF and ZBP1 have been shown to engage and activate RIPK3 directly upon TLR3/4 engagement and viral infection (26, 27) . Thus, RIPK1 inhibitors may provide specificity toward sterile inflammation mediated by TNF involved in human pathology, without affecting host defense mechanisms activated by TLR pathways upon pathogen invasion. Fig. 1 . Schematic presentation of the RIPK1-dependent signaling events in response to TNF-α. Signaling bifurcates into poly-ubiquitin-dependent NF-κB activation mediated by receptor-bound Complex I through TAK1 and IKK kinase complexes. Alternatively, RIPK1 kinase activation and deubiquitination/ reubiquitinatiuon promotes formation of secondary cytosolic Complex IIa and IIb. Depending on the activity of caspase-8 and RIPK3, signaling by Complexes II may lead to apoptosis, necroptosis, and increased inflammatory gene expression. The activating events are shown by arrows; however, it is not meant to indicate direct connections between signaling nodes. In many cases, mechanistic details remain to be uncovered.
Activation of RIPK1-Dependent Apoptosis
Treatment with TNF-α when combined with a protein synthesis inhibition was originally found to induce RIPK1-independent apoptosis (RIA) (28) . Since inhibition of protein synthesis does not occur in vivo, RIA might represent a largely artificial cell death paradigm that only occurs in vitro. However, when one of the checkpoints in complex I fails, such as the loss of cIAP1/ 2 and LUBAC ubiquitin ligases or TAK1, TBK1, IKK, and MK2 kinases, TNF-α stimulation leads to RIPK1-dependent apoptosis (RDA). RDA is characterized by the early activation of RIPK1 in Complex I within minutes of TNF-α stimulation (29) . Activated RIPK1 in Complex I is then transited into a highly insoluble form, known as "iuRIPK1." Activation of RDA is mediated by a secondary cytosolic Complex IIa which includes RIPK1, FADD, and caspase-8 to promote the activation of caspase-8 ( Fig. 1) . Activation of RDA has been implicated in ALS: in patients with haploid loss of TBK1, this pathway is more readily activated in aging human brains to mediate the pathogenesis of the disease (30) .
Ubiquitination of Complex I recruits TAK1, which in turn mediates a critical inhibitory mechanism by the phosphorylation of multiple residues in the intermediate domain of RIPK1, including Ser321 residue in murine RIPK1 and Ser320 in human RIPK1 (31) . In addition, TAK1-mediated IKK complex phosphorylates and inhibits RIPK1 in Complex I through a yet-to-beidentified site (32) . The activation of TAK1 also suppresses cytosolic RIPK1 by promoting the activation of p38 and its target MAPKAPK2 (MK2), which phosphorylate Ser321/320 of RIPK1 (33) .
While the kinase activity of RIPK1 mediates the activation of caspase-8 and RIPK3 to promote cell death when appropriate signals are present, RIPK1 also serves as a signaling scaffold to prevent the activation of caspase-8 and RIPK3 in a kinaseindependent manner. This explains the neonatal death of mice deficient in RIPK1; this lethality is reversed by the combined deletion of both caspase-8 and RIPK3 in RIPK1-knockout mice (34, 35) . The signals leading to activation of RIPK3/caspase-8 in the absence of RIPK1 may originate from the microbiome (36) . RIPK1 was also shown to prevent skin inflammation by inhibiting RIPK3-MLKL-mediated necroptosis in a manner dependent upon Z-DNA binding protein 1 (ZBP1, also known as DAI/ DLM1). ZBP1 deficiency inhibits keratinocyte necroptosis and skin inflammation in epidermis-specific RIPK1 knockout mice (37, 38) . This is consistent with recent patient data where rare biallelic mutations in Ripk1 are associated with severe immune deficiency, arthritis and intestinal inflammation (39, 40) . It is still not completely clear, however, why RIPK1 knockout promotes the activation of RIPK3 and MLKL. In any case, the scaffold function of RIPK1 is entirely different from that of its kinase activity as the inhibition of RIPK1 kinase prevents the activation of both caspase-8 (in RDA) and RIPK3 (in necroptosis).
Control of RIPK1 Kinase-Mediated Cell Death Decisions
Regulates Necroptosis and RDA The control of RIPK1 activation in the TNFR1 pathway occurs at two distinct checkpoints which regulate the activation of RDA and necroptosis (Fig. 1 ). As we discussed above, the first checkpoint controls the activation of RIPK1 in Complex I. Specific kinases, such as TAK1, TBK1, and IKKs, and ubiquitin ligases, such as cIAP1/2 and LUBAC, play critical roles in suppressing the activation of RIPK1 in Complex I. The failure of any of these kinases and ubiquitin ligases promotes early activation of RIPK1 in Complex I and consequently RDA when cells are stimulated by TNF-α. Since a subset of aging human brains are characterized by the reduced expression of TAK1 (30) , laxed suppression of RIPK1 in aging human brains may provide an important mechanism that makes this tissue susceptible to RIPK1 activation and may point to an underlying mechanism that leads to progressive neurodegeneration.
Activation of caspase-8 mediated by complex IIa provides the second checkpoint to suppress the activation of RIPK1 downstream from Complex I. When apoptosis-competent cells are stimulated by TNF-α, RIPK1 is rapidly cleaved by caspase-8, which separates the N-terminal kinase domain from the intermediate domain and DD required for mediating the activation of the kinase activity of RIPK1 (41) . Caspase-8 function is regulated by c-FLIP L/S , the inactive homolog of caspase-8. While caspase-8 in complex with the FLIP L isoform is partially active and this heterodimer can inhibit necroptosis (42), elevated levels of FLIP S may suppress the activation of caspase-8 to promote necroptosis (22) . Thus, timing and mechanism of caspase-8 activation plays an important role in cell death. In addition to cleaving RIPK1, caspase-8 also mediates the cleavage of CYLD, a deubiquitinating enzyme that promotes necroptosis (43, 44) .
A distinct ubiquitination code on RIPK1 may dictate different downstream events. While K63 ubiquitination of RIPK1 mediated by cIAP1/2 suppresses the activation of RIPK1 (45), K63 ubiquitination of RIPK1 by E3 ligase PELI on Lys115 residue promotes the activation of the kinase activity of RIPK1 (46) . This step is likely proceeded by the removal of Complex I K63/M1 ubiquitin chains mediated by CYLD, which is recruited into the complex through LUBAC component HOIP (47, 48) . These events are opposed by the ABIN-1/A20 complex, which interacts with M1 chains and prevents their removal (49) . Regulation of RIPK1 by ubiquitination may reflect a very delicate balance as both reduced and increased levels of A20 may promote the activation of RIPK1 to mediate RDA and necroptosis (31, 50) . The temporal aspect of RIPK1 activation is also critical for its regulation: While a transient phosphorylation event on Ser321 negatively regulates the activation of RIPK1 in Complex I, sustained TAK1 activation-mediated phosphorylation of RIPK1 on Ser321 promotes RDA and necroptosis (31) . Thus, the intricate interplay of multiple ubiquitination and phosphorylation events on RIPK1 controls its activation to modulate cell death and inflammation.
RIPK1 Kinase Is a Key Mediator of Inflammatory Gene Expression
Necrotic cells are known to release damage-associated molecular patterns (DAMPs) which can activate an inflammatory response by various inflammasomes such as the NLRP3 complex (51) . While apoptotic cells are effectively and rapidly removed by engulfment (52) , the mechanism by which dying necroptotic cells are removed is still unclear. If necroptotic cells cannot be removed effectively before cell lysis, the release of DAMPs would contribute significantly to an inflammatory response. Activation of MLKL in necroptosis leads to its oligomerization, disruption of the integrity of plasma membrane, and leakage of intracellular contents (53) (Fig. 1) . In macrophages upon inhibition of TAK1 either by Yersinia pseudotuberculosis YopJ or by the TAK1 inhibitor 5z-7-oxozeaenol, the activation of caspase-8 in RDA can promote the cleavage of Gasdermin D (GSDMD), which is known to mediate pyroptosis, another form of a regulated and highly inflammatory necrotic death (54) (55) (56) (57) (58) (59) . Similar to the cleavage of GSDMD by caspase-1/4/5/11 which promotes pore formation in pyroptosis (59, 60) , RDA may also promote the release of DAMPs via pores formed by GSDMD after its cleavage by caspase-8.
Besides inflammation mediated by DAMPs, the activation of RIPK1 in necroptosis and RDA can also rapidly mediate the expression of inflammatory genes to promote inflammation independently from cell lysis (61, 62) . In particular, activation of RIPK1 in the cells of myeloid lineage (e.g., microglia and macrophages) promotes the expression of inflammatory genes and the release of proinflammatory cytokines (e.g., TNF-α) independently from cell death (63-65). Furthermore, autocrine signaling by the released TNF family members, produced upon RIPK1 activation, is an important component of tissue injury. This has been shown in mice deficient in proteins that regulate RIPK1 activation, such as NEMO and Sharpin, the latter a component of the LUBAC complex (21, 66, 67) .
Recent data delineated cell-death-independent signaling activities of RIPK1 (sometimes along with RIPK3) leading to transcriptional up-regulation of a wide range of inflammatory molecules (61) (62) (63) 65) . Regulation of inflammatory gene expression involves a range of MAPKs downstream from RIPK1, including p38 and Erk1/2, as well as TBK1/IKKe complex. These kinase circuits further activate the transcription factors AP1, Sp1, NF-κB, and IRF3/7. In the context of necroptosis, this may provide a burst of inflammatory signals in addition to the responses elicited by DAMPs released from dead cells. However, there is also growing evidence that RIPK1-dependent proinflammatory responses may occur independent from necroptosis in vivo. For example, RIPK1 kinase activity is required for inflammatory gene expression in myeloid cells after mouse challenge with a sublethal dose of LPS (61) . Similarly, RIPK1 exacerbates chronic inflammation during embryonic development when both branches of cell death, controlled by caspase-8 and RIPK3, are absent (68) . Pathologically, RIPK1-dependent inflammatory gene expression has been linked to neutrophilic dermatitis in Ptpn6 spin mice (69), clearance of West Nile virus in mice (70) , and neuroinflammation in human diseases that will be discussed below.
Necrostatins and Other RIPK1 Kinase Inhibitors Deciphering the necroptosis pathway followed an unusual route as it involved the extensive use of small-molecule tools to understand the relevance and mechanistic underpinnings of this process. A first set of selective necroptosis inhibitors, which we termed necrostatins, was identified using a cell-based screen of TNF-induced necroptosis in a human U937 monocytic cell line (11) . Necrostatin-1 completely prevented the activation of necroptosis across a range of cellular models where TNF/FasLinduced activation of necrosis-like death had been observed (11) . Importantly, Nec-1 was also shown to reduce oxygen/glucose deprivation-induced death in primary neurons and to decrease the infarction size after transient middle cerebral artery occlusion (MCAO), a mouse model of ischemic stroke, providing the first indication for the pathologic relevance of necroptosis. Since then, necroptosis has been firmly established as a component of many ischemia-reperfusions injuries in the brain, retina, heart, kidneys, and liver (71) (72) (73) (74) (75) . Overall, these early findings using necrostatins were significant because they demonstrated the existence of a common mechanism of necrotic death across a range of cell types in response to TNF and under pathologic conditions in vivo.
Subsequently, we identified RIPK1 as the direct target of Nec-1 and other structurally distinct necrostatins (12) . Importantly, we found that a mutation of Ser161 in the activation segment of RIPK1 offered resistance to inhibition by Nec-1 and other necrostatins. These data confirmed that RIPK1 is the sole target of necrostatins in necroptosis. Furthermore, the fact that all the hits in an unbiased cell-based screen were all RIPK1 inhibitors highlighted a unique significance of this kinase for the effective and selective inhibition of necroptosis. To date, Nec-1, Nec-1s, and other recently developed RIPK1 inhibitors have been instrumental in establishing the important contribution of RIPK1 to a wide range of human pathologies, representing areas of major unmet medical need, including brain trauma, sepsis, and neurodegenerative and autoimmune disorders (13, 16) .
Subsequent analyses revealed several remarkable features of necrostatins. All necrostatins isolated in an unbiased cell-based screen display almost exclusive selectivity for RIPK1 (63) (76) . All three necrostatins belong to a type III class of allosteric kinase inhibitors (77) . Furthermore, all three Necs bind to the exact same allosteric site on RIPK1 formed behind the active center. This pocket becomes accessible when Mg-binding DLG motif assumes an inactive DLGout conformation and αC helix is outwardly displaced to the Gluout conformation with a characteristic loss of Glu-Lys ionic pair critical for catalysis (Fig. 2A) . While inhibitors targeting either DFG-out (type II inhibitors) or Glu-out (αC helix displacing inhibitors) conformations have been described previously, RIPK1 is the only kinase for which doubly inactive DLG-out/Glu-out conformation has been described to date.
This unique allosteric pocket of RIPK1 is in part due to an increased flexibility of the DLG motif in RIPK1, compared with A B Fig. 2 . Mode of inhibition of RIPK1 by necrostatins and other type III inhibitors. (A) Rendering of the crystal structure of Nec-1s with RIPK1 (85) . Nec1s is occupying the back pocket localized behind the ATP binding center. This pocket is created due to the outward movement of αC-helix, resulting in the loss of ionic pair between catalytic Lys45 and Glu63 of αC-helix. The other side of the pocket is formed by the DLG motif (shown in green) in the inactive DLG-in conformation (catalytic Asp146 facing away from the active center) and the activation segment, which immediately follows the DLG motif (shown in red). Ser161 residue of the activation segment, which forms a critical hydrogen bond with the indole of Nec-1s, is also shown. (B) A number of additional type III inhibitors have been recently developed by GlaxoSmithKline and Takeda, including clinical candidate GSK′772 (88) (89) (90) (91) . These molecules (rendered in red, based on published crystal structures) occupy the same back pocket as Nec-1s (shown in green) in the same Gluout/DLG-out conformation but extend into the ATP binding pocket, which may contribute to the increased affinity. a more rigid DFG motif found in most kinases (78) . However, to engage this pocket necrostatins still need to fit into the allosteric site very precisely and tightly, resulting in a high degree of specificity. Overall, the unusual dynamics of RIPK1 and the unique binding mode of necrostatins most likely collectively dictate an unprecedented selectivity of these molecules. Validating this conclusion, GlaxoSmithKline and Takeda also successfully developed inhibitors targeting the same allosteric pocket/inactive conformation of RIPK1 (Fig. 2B ) and these molecules also display exclusive selectivity toward RIPK1 (79) (80) (81) (82) . Conversely, more typical type I inhibitors, targeting the ATP pocket (VX-680 and Pazopanib), and type II inhibitors, engaging residues in the ATP pocket and back pocket in Glu-in/DLG-out conformation (Ponatinib and Rebastinib), were also found in screening of kinase inhibitor collections, but these molecules are not specific for RIPK1 (78, 83, 84) .
Development of type III RIPK1 inhibitors offers hope that inhibition of RIPK1 may prove a successful strategy in many chronic degenerative and autoinflammatory diseases, where inhibitor selectivity is paramount to ensure safety. One of these molecules, a clinical candidate compound GSK2982772 developed by GlaxoSmithKline, has successfully completed phase I safety trials (85) . Another molecule DNL747, developed by Denali Therapeutics, also successfully completed a phase I trial.
Developing RIPK1 Inhibitors for the Treatment of Human Diseases
The identification of RIPK1 kinase as a critical mediator of both cell death and inflammation presents an exciting new opportunity for developing therapeutics for the treatment of human diseases. This is particularly of interest in the context of neurodegenerative diseases because the pathology in many of these diseases is characterized by necrosis (86) . New drug targets are needed in the field as previous trials of potential therapies for neurodegenerative diseases such as AD, ALS, and Parkinson's disease (PD) have largely failed or demonstrated minimal efficacy. We have recently reviewed the mechanism of RIPK1 and its role in mediating CNS diseases in general (13) . Our discussion here will focus on developing RIPK1 inhibitors for the treatment of specific human diseases with an emphasis on neurodegenerative diseases. While RIPK1 inhibitors are expected to be also effective for the treatment of peripheral human inflammatory diseases, the possibility to develop highly specific RIPK1 inhibitors that can pass the blood-brain barrier (BBB) provides a special opportunity for the treatment of CNS diseases.
RIPK1 in Acute Neuronal Injury. The involvement of necroptosis in acute neurological injuries (e.g., ischemic brain injury) was first demonstrated with Nec-1 before its targeting mechanism was revealed (11). Nec-1, but not inactive Nec-1i derivative, was shown to attenuate infarct volume in the MCAO model of stroke in a dose-dependent manner. It remained active when administered both prophylactically and therapeutically after the onset of ischemic insult with a significant time window. The identification of RIPK1 as a specific target of Nec-1 revealed this kinase as a new mediator of acute ischemic neurological insult. Notably, RIPK1 also contributes to ischemic injuries of other organs including eye, heart, and kidney (71, (87) (88) (89) (90) (91) ). An increase in RIPK1 and RIPK3 and the formation of RIPK1/RIPK3 complex were found following permanent MCAO (92) . RIPK1 activation also occurs after traumatic brain injury (TBI); similar to the MCAO model, both RIPK1 and RIPK3 are increased in the brains of animals in the fluid percussion brain injury model in rats (93) . Interestingly, posttraumatic hypothermia (33°C), which is known to reduce brain injury following stroke and TBI, led to decreases in the levels of RIPK1, RIPK3, and MLKL. These data suggest that deleterious RIPK1-dependent signaling may play a causal role in neuronal loss following TBI. Consistent with this notion, mice administered Nec-1 before controlled cortical impact (CCI) had reduced neuronal death and improved motor and spatial memory outcomes. Furthermore, improved spatial memory was observed even when necrostatin-1 was administered 15 min after CCI (94) . These data implicate RIPK1 as a central mediator of neurodegeneration following acute neuronal injury.
RIPK1 in MS.
There is growing evidence that RIPK1 mediates deleterious processes in chronic neurodegeneration. A key similarity between acute injury and chronic neurodegeneration is the presence of neuroinflammation. MS is an inflammatory disease of the CNS that leads to chronic neurodegeneration. TNF-α signaling has been strongly linked to the pathophysiology of MS (95, 96) . The role of RIPK1 in mediating a deleterious response downstream of TNFR1 suggests the role of RIPK1 in this disease. In CNS lesions of both brain samples from MS patients and in mouse models of MS, RIPK1 is relocalized to the insoluble fraction (22) , which occurs when RIPK1 is activated (97) . Inhibition of RIPK1 by Nec-1s ameliorated disease pathology, improved animal behavior, and attenuated experimental allergic encephalomyelitis (EAE)-induced cytokine increase and recruitment of immune cells (22) . The role of RIPK1 in EAE was also validated by the use of another RIPK1 inhibitor developed by Takeda (79) . Mechanistically, RIPK1 is highly expressed in macrophages and microglia in the EAE lesions, and Nec-1s may dampen the innate immune response in these cells. Consistently, blocking RIPK1 activity modulates the inflammatory and cell death responses in microglia cells (62, 98) .
While RIPK1 and its downstream binding partners (RIPK3, caspase-8, and MLKL) are highly expressed in immune cells they are also present in other cell types of the CNS. In particular we identified a RIPK1-deleterious pathway in primary oligodendrocyte lineage cells, which are specifically killed by a toxin in the cuprizone model of demyelinating disease (22) . Previous studies had shown that oligodendrocytes are sensitive to TNF-α stimulation, in particular in the presence of other CNS cells (99) . Our study showed that this TNF-α-induced oligodendrocyte cell death could be inhibited by either pharmacological inhibition of RIPK1 with Nec-1s or genetic deletion of RIPK3. Consistent with this, RIPK3-MLKL interaction and necroptosis were shown to be critical for oligodendrocyte necroptosis following oxygen-glucose deprivation as well as in MCAO (71, 100) .
The deleterious role of both RIPK1-dependent inflammatory signaling and necroptosis in MS is further supported by the robust finding that RIPK1, RIPK3, and MLKL are activated in tissues from postmortem pathological samples from MS patients (22) . The beneficial effect of inhibiting RIPK1 is likely attributable to both modulation of inflammation as well as blocking necroptosis in susceptible oligodendrocytes and neurons (Fig. 3) . RIPK1 may act in a cell-autonmous as well as non-cell-autonomous manners to induce necroptosis susceptibility in oligodendrocytes.
RIPK1 and ALS. ALS is a progressive neurodegenerative disease that leads to degeneration of motor neurons and paralysis. Activation of RIPK1-mediated neuroinflammation and cell death is directly linked with the genetics of ALS in humans. Mutations in the genes that lead to familial ALS in humans, including Optineurin and TBK1, have been shown to promote the onset of RIPK1-dependent necroptosis and RDA in the CNS (30, 101) . Optn encodes a ubiquitin-binding protein that regulates RIPK1 ubiquitination and degradation. Optn knockout mice developed neuropathology resembling ALS, including Wallerian-like axonal pathology and dysmyelination (101) . The loss of optineurin in both oligodendrocytes and microglia, but not motor neurons or astrocytes, is sufficient to promote neuropathology. Inhibition of RIPK1 also protects against the degeneration of oligodendrocytes in SOD G93A transgenic mice, which is known to occur before the onset of motor dysfunction (101, 102) . These results suggest that RIPK1 might promote axonal degeneration and neuroinflammation noncell autonomously in ALS. While Optn regulates the ubiquitination of RIPK1, TBK1 regulates RIPK1 through direct phosphorylation on multiple sites including Thr189 to suppress RIPK1 kinase activity by blocking the interaction with its substrates (30, 103) . TBK1 mutations are a major genetic cause of patients with ALS/frontotemporal dementia (FTD) comorbidity (10.8%) and to a lesser extent causal in ALS alone (0.5%) (104, 105) . Reduced expression of TBK1 by mutant alleles associated with ALS/FTD has led to the proposal that haploinsufficiency of TBK1 is a pathological mechanism. TBK1 knockout mice are embryonically lethal, and this lethality is blocked in TBK1 −/− ; RIPK1 D138N kinase-dead knock-in mutant mice, which provides a genetic verification for the critical function of TBK1 in regulating the activation of RIPK1 (30) . This is consistent with in vitro observations that TBK1 deficiency or pharmacological inhibition sensitizes cells to RIPK1-dependent cell death induced by TNF-α (30, 103) . Interestingly, while TBK1 +/− mice are normal, the haploid loss of TAK1, another RIPK1 suppressor, in the myeloid lineage of TBK1 +/− mice leads to many of the hallmarks of ALS/FTD, including dysmyelination, axonal degeneration, neuronal loss and cytoplasmic TDP-43 aggregates in the CNS (30) . Thus, the activation of RIPK1 might be involved in mediating ALS pathology in multiple lineages and CNS cell types (Fig. 3) . Furthermore, reduced expression of TAK1 in the CNS of aging human brains may provide a common mechanism to promote not only ALS, but also other age-dependent neurodegenerative diseases including AD and PD.
RIPK1 in AD. AD is the most common age-related neurodegenerative disorder. AD is characterized by cognitive impairment with loss of memory and neuropathological features such as the accumulation of amyloid plaque deposits composed of amyloid-β (Aβ), hyperphosphorylation of microtubule-associated protein tau, neuroinflammation, cerebrovascular pathology, and neuronal loss. The amyloid hypothesis proposes that the accumulation of Aβ and formation of amyloid plaques is the main cause of AD pathogenesis. The amyloid hypothesis is supported by the early onset familial Alzheimer's disease (FAD) mutations in the amyloid precursor protein (APP) and the presenilin genes that drive amyloidosis (106) . However, the poor performance of Aβ-directed therapies in clinical trials has forced rethinking of additional factors that can contribute to AD pathogenesis. A hallmark of AD is chronic brain inflammation marked by increases in the levels of proinflammatory cytokines (107) . Neuroinflammation characterized by the overactivated dystrophic microglia is prevalent in late stage AD (LOAD) and may contribute significantly to dementia (108) . The role of neuroinflammation has also been supported by the genome-wide association studies on LOAD which have identified variants in microglia-associated genes, such as the genes encoding triggering receptor expressed on myeloid cells 2 (TREM2) and the microglial surface receptor CD33, that confer higher risks for developing LOAD.
Under physiological conditions, microglia participate in regulating synaptic pruning and play a surveillance role in maintaining homeostasis by removing cellular debris, dying cells, or misfolded proteins. During AD pathogenesis, microglia activation may play a different role in early (preclinical) and late (clinical) AD stages. Acutely activated microglia can promote the degradation of Aβ by phagocytosis, but sustained chronically activated microglia may be deficient in degradation of Aβ and instead contribute to neurotoxicity and synapse loss by triggering proinflammatory cascades. Microglial activation triggered by the focal aggregation of extracellular Aβ into insoluble amyloid may occur late during preclinical stages of AD and set the stage for the onset of dementia (109) . Activated microglia secrete proinflammatory cytokines such as TNF-α, IL-1β, and IL-6, as well as chemokines that recruit and promote further activation of glial cells and neuronal damage. A genome-wide association study of LOAD risk factors identified polymorphisms in the TNF promoter that are linked to increased TNF-α production (110) .
RIPK1 has a well-recognized role in mediating transcription of neuroinflammatory genes in microglia (13, 101) . RIPK1 is highly expressed in microglia in mouse and human brain samples (111) . The levels of RIPK1, at both the mRNA and protein levels, in postmortem samples from individuals with LOAD are increased compared with controls and positively correlate with the reduction in brain weights and Braak stages (111, 112) . RIPK1, MLKL, and pMLKL levels were significantly higher in the brains of 11-mo-old 5xFAD mice compared with nontransgenic littermates, suggesting the involvement of necroptosis in AD (112) . RIPK1 may be involved in regulating a transcriptional response in AD as the set of genes regulated by RIPK1 overlapped significantly with multiple independent AD transcriptomic signatures, including multiple genes linked with the expression of AD-risk variant genes and other CNS diseases (111, 112) (Fig.  3) . Inhibition of RIPK1 kinase activity has also been shown to promote the ability of microglia to degrade Aβ (111) . The levels of amyloid plaques in APP/PS1 mice are reduced upon pharmacological inhibition of RIPK1 using Nec-1s. Thus, inhibition of RIPK1 may be able to reduce inflammatory microglia and restore the phagocytic ability of microglia.
The RIPK1-mediated gene expression signature in microglia provides clues as to how RIPK1 activation may mediate inflammation. Activation of RIPK1 in microglia regulates the expression of important genes involved in mediating innate immune response. In particular, Ch25h, Cst7, Clec7a, and Csf1 proteins are elevated in microglia of multiple mouse models of AD and ALS, for example 5xFAD mice and SOD1 G93A mice, and in aging microglia (111) . Among the genes regulated by RIPK1, the Ch25h gene encodes cholesterol 25-hydroxylase, which mediates the production of 25-hydroxycholesterol, a potent corepressor of SREBP (sterol regulatory element binding protein) and an important regulator of the gene expression involved in lipid metabolism. The expression of the Ch25h gene can be induced both by infection and inflammation. Increased expression of Ch25h is found in the vulnerable brain regions of AD brain samples and correlates with Braak (NFT) staging of disease progression (113) . The potential role of RIPK1 in regulating the expression of Ch25h in AD suggests the possibility of lipid changes serving as a biomarker for RIPK1 activity. In addition to Ch25h, RIPK1 has also been shown to regulate the expression of Cst7, Csf1, and Clec7a, which have been shown recently as the biomarkers of a microglial class known as disease-associated microglia (DAM) (111, 114) . It is believed that during AD pathogenesis, DAM evolve from homeostatic microglia by progressively acquiring a unique transcriptional profile. Up-regulated Cst7, which encodes an endosomal/lysosomal cathepsin inhibitor known as cystatin F, is a biomarker for DAM at advanced stages of AD (114) and is promoted by activation of RIPK1 (111) .
Elevated levels of Cst7 were found in microglia around Aβ deposits in the APP/PS1 AD mouse model, whereas dispersed microglia were generally negative for Cst7. Thus, increased expression of Cst7 might lead to lysosomal dysfunction in microglia and contribute to reduced proteostasis in AD. Since inhibition of RIPK1 reduces the microglial expression of CST7 in APP/ PS1 mice and promotes the degradation of Aβ by microglia (111) , the deleterious effect of RIPK1 activation in AD is likely due at least in part to reducing the phagocytic activity of DAM. These results predict that inhibition of RIPK1 kinase activity in human AD patients should lead to reduced levels of Aβ accumulation and neuroinflammation, two hallmarks of AD.
Notably, microglial CST7 expression is strongly induced across the range of animal models of neurodegenerative diseases, including SOD1
G93A AD transgenic mice, during demyelination, in a prion disease model, and with aging (115) (116) (117) . Therefore, RIPK1 may be broadly involved in modulating DAM activity in neurodegenerative diseases.
RIPK1 in Lysosomal Storage Diseases and PD. The lysosomal storage diseases (LSDs) are a group of about 50 rare genetic disorders that are characterized by lysosomal defects and an accumulation of waste products in the lysosomes. Other than these typical LSDs, aging and neurodegenerative diseases are also characterized by defects in degradative mechanisms, including autophagy and lysosomal function, and the buildup of misfolded proteins. A recent study demonstrated an increase in the formation of insoluble, lipofuscin-like lysosomal inclusions in microglia, leading to lysosomal storage and immune dysfunctions during aging (118) . In microglia, RIPK1 can be activated in response to both proteasomal and lysosomal inhibition (111) . An enticing possibility is that progressive alterations in the cellular degradative machinery may contribute to RIPK1 activation in both aging neurodegenerative diseases and LSD. We already discussed the former, and in the case of the latter, inhibition of RIPK1 both pharmacologically with the RIPK1 inhibitor GSK′547 and genetically in the RIPK1 knockdown mice improves survival of a mouse model of Neimann-Pick disease, a lysosomal storage disorder (119) . NPC1 is a membrane protein that regulates cholesterol trafficking, and it is remarkable that inhibition of RIPK1 is sufficient to alter the progression of disease. Interestingly, combination of RIPK1 inhibition and 2-hydroxypropyl-β-cyclodextrin cholesterol-chelating therapy, which has been shown to slow neurological disease progression in NPC1 mice, cats, and patients, had additive effects (119) . Surprisingly, RIPK3 knockout animals did not show an improved survival in the NPC model (119) . This dichotomy may point to a clear role for RIPK1 either as a nonnecroptotic effector or as a neuroinflammatory mediator.
These findings are in contrast to a study a mouse model of Gaucher's disease (GD). GD is the most common LSD caused by mutations in the glucocerebrosidase gene (GBA). Loss-offunction mutation in GBA leads to glucosylceramide and glucosylsphingosine accumulation in the brain and neuronal loss in patients and in animal models of this disease. In the GBA knockout mouse model, RIPK3 deficiency substantially improved the clinical course of GD, with increased survival and motor coordination and salutary effects on cerebral as well as hepatic injury (120) . Since RIPK1 mediates the activation of RIPK3, the role of RIPK1 should be tested in GD.
While the complete loss of function in GBA leads to GD, a partial loss of function is associated with PD (121) . Similar to the role of necroptosis observed in a mouse model of GD, the increases in the levels of RIPK1, RIPK3, and MLKL were observed in the postmortem substantia nigra of individuals with PD compared with controls. Furthermore, in a systematic RNAi screen for regulators of RDA, leucine-rich repeat kinase 2 (LRRK2), the gene which is often mutated in PD, was shown to promote the activation of Complex I-associated RIPK1 (29) . In addition, Optic atrophy 1 (OPA1), a GTPase that regulates mitochondrial fission and fusion, is mutated in some PD patients. Neural cells differentiated from induced pluripotent stem cells from OPA1-mutant PD patients displayed severe mitochondrial dysfunction and cell death that was inhibited by Nec-1s (122) . These results suggest that dysfunction in lysosome and mitochondria may promote the activation of RIPK1 and sensitize cells to the activation of necroptosis and inhibiting the kinase activity of this enzyme can change the disease course in LSDs and PD (Fig. 3) .
Concluding Remarks
RIPK1 has emerged as a promising target for a spectrum of human CNS and peripheral pathologies. RIPK1 activity is tightly controlled by multiple layers of regulatory factors that we have summarized as checkpoint I in Complex I and checkpoint II in Complex II. Disabling any one of these control points promotes the activation of RIPK1-dependent cell death and inflammation and thus may provide a common pathological mechanism of activation of RIPK1 in human diseases. This is exemplified by the loss of activity or haploinsufficiency in TAK1 and TBK1 that promote the development of ALS/FTD and ALS in aging (30, 101) . Similarly, down-regulation of caspase-8 was observed in the white matter lesions of MS patients (22) . Insufficient caspase-8 activity may also contribute to RIPK1 activity in some cases of AD (123) . Conditions of acute energy loss and oxidative stress may inhibit caspase activation, promoting necroptosis under acute neurologic stress conditions (124) . On other side of the equation, overproduction of TNF-α and the loss of lysosomal and nonlysosomal degradative functions may promote RIPK1 activation in both LSDs and aging-related neurodegenerative conditions. While we still do not fully understand the positive and negative regulators of RIPK1 that operate in human diseases, many critical controls on RIPK1 activity have been uncovered in the last few years, and this presents putative mechanisms that need to be examined in human diseases in the future.
The activation of RIPK1 kinase mediates the majority of the deleterious response downstream of TNFR1 (13) . Just like anti-TNF has been proven to provide transformative therapies for the treatment of peripheral inflammatory diseases, safe and BBBpermeable small-molecule RIPK1 inhibitors may provide an unique opportunity to develop oral drugs for a range of degenerative CNS pathologies, including ALS, AD, PD, TBI, stroke, and LSDs as well as peripheral inflammatory diseases in a costeffective manner. The proof-of-concept clinical trials for some of these indications are expected to commence in the near future. Of course, there is a major stigma associated with the use of kinase inhibitors in chronic CNS diseases, mainly due to their generally limited selectivity and, therefore, safety. As we discussed above, the unusual conformation of the back pocket is uniquely suited for small-molecule inhibitors that, thus far, has only been described for RIPK1. Resulting inhibitors display exceptional specificity for RIPK1, significantly derisking targeting RIPK1 for the treatment of chronical human diseases. Consistently, two phase I trials of RIPK1 inhibitors were completed and did not show any significant adverse events.
RIPK1 kinase was initially considered a specific activator of necroptosis. This view is rapidly changing with the discovery of RDA and the inflammatory gene expression networks controlled by RIPK1. At this point, however, there is still a limited understanding of the specific modalities of RIPK1 involvement in different diseases. In a few cases the answer can be deduced based on the additional analyses of the functional roles or the lack thereof of different downstream effectors, especially caspase-8, RIPK3, and MLKL. For example, recent data suggest that in age-related neurodegeneration RDA may be a primary mode of action (30) , while in acute neurologic injuries necroptosis was proposed to be important (11) . In yet another set of pathologies, exemplified by MS, AD, or Niemann-Pick disease, cell-death-independent regulation of inflammatory gene expression or other non-cell-death responses may be important contributors (22, 111, 119) . Understanding the different modalities of the regulation is important for uncovering pathophysiology of human diseases and development of the specific predictive biomarkers of the drug responses. At the same time, the major power of targeting RIPK1 is the promise of simultaneously targeting all of these modalities with oral drugs in a sustained and safe manner.
